Colony-stimulating factor-1 receptor (CSF-1R
P
erturbation of protein tyrosine kinase signaling is frequently associated with malignant transformation (1) . Tyrosine kinase receptors and their ligands have been implicated in prostate development and cancer, including transforming growth factor ␣, epidermal growth factor, insulin-like growth factor 1 (IGF-1), fibroblast growth factors, hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), and nerve growth factors (reviewed in refs. 2 and 3). Strategies attacking EGF and PDGF receptors are currently being evaluated in prostate cancer (4) (5) (6) (7) .
We defined the tyrosine kinase expression profile of normal prostatic epithelial cells during a phase of rapid growth in a relatively low androgen environment from day 10 murine prostate. CD44 was used as a marker of early progenitor cells within prostatic epithelium and is expressed by actively proliferating epithelia at sites of epithelial-mesenchymal interaction (8, 9) . Embryonic formation of the prostate occurs through epithelial budding from the urogenital sinus. Elongation and branching of the ducts begin prenatally and are extensive during the first 21 days after birth. Although ductal morphogenesis of the prostate is androgendependent, the early postnatal period is marked by low levels of circulating androgen (10, 11) . Mice with loss-of-function mutations in the homeobox genes NKX 3.1 or Hox D13 show mild defects in prostate development (10) . A more severe block in prostate development is seen in P63Ϫ͞Ϫ mice, which do not develop a recognizable prostate (12) .
We prepared cDNA libraries from highly enriched CD44ϩ prostate cells from day 10 mice. A PCR-based strategy targeting highly conserved tyrosine kinase catalytic domain sequences was used (13, 14) . One of the most frequently recovered tyrosine kinases was the colony-stimulating factor-1 receptor (CSF-1R). CSF-1R is encoded by the cellular homolog of the retroviral oncogene v-fms (15) and is the major regulator of development and response for all cells belonging to the mononuclear phagocyte lineage (16) (17) (18) .
In osteoclastogenesis, one of the critical factors produced by bone stromal cells is CSF-1 (19, 20) . The Csf1 op ͞Csf1 op mouse has inactivated the CSF-1 gene. These mice are osteopetrotic, toothless, and have low fecundity and reduced macrophage numbers (21, 22 (21, 24) . Elevated expression of CSF-1R has been seen in breast, ovarian, and uterine cancers, and the extent of expression in these tumors correlates with high grade and poor prognosis (24, 25) . High circulating levels of CSF-1 correlate with active disease in ovarian and endometrial cancers and with metastatic breast and prostate cancer (24) (25) (26) . In this article, we show that CSF-1R is expressed during the early phases of murine prostate development and prostate cancer progression in mouse and human.
Materials and Methods
Animal and Cell Lines. Prostate cancer cell lines LNCaP (27) , PC-3 (28) and DU145 (29) , and breast cancer line Abbreviations: IGF-1, insulin-like growth factor 1; HGF, hepatocyte growth factor; PDGF, platelet-derived growth factor; CSF-1R, colony stimulating factor-1 receptor; TRAMP, transgenic adenocarcinoma mouse prostate; PTEN, phosphatase and tensin homolog deleted from chromosome 10; TMA, tissue microarray analysis; IHC, immunohistochemistry; PrEC, prostate-derived basaloid epithelial cell populations; PIN, prostatic intraepithelial neoplasia; UCLA, University of California, Los Angeles.
Prostate tissues were minced and digested with collagenase I (Sigma) at a concentration of 1,500 units͞ml for 1 hr at 37°C. Single-cell suspensions were analyzed with FACS Vantage (Becton Dickinson). For depletion of macrophages from mouse prostate tissues, cells were incubated with mouse monoclonal antibody CD11b for 30 min at 4°C, washed three times, and incubated with sheep anti-mouse IgG Dynabeads M-450 (Dynal, Oslo) for 30 min at 4°C, then separated by magnetic column. The retained CD11b-positive and CD11b-negative cells that flow through the column were tested.
Immunoblot Analysis. For Western blot analyses, the cells were resuspended in boiling sample buffer, and each sample was separated on a 4-12% gradient SDS Tris Glycine Gel (NOVEX, San Diego). Proteins were transferred onto a nitrocellulose membrane (Micron Separations, Westboro, MA) and visualized with a chemiluminescence kit (Amersham Pharmacia). Rabbit anti-human CSF-1R antibody (Santa Cruz Biotechnology, lot K130, 1:200 dilution) was used for Western blot analysis. Anti-ABL Western blots were probed with 21-24 mouse monoclonal antibodies as an internal loading control, as described (37) . Goat anti-mouse IgG and goat anti-rabbit antibody conjugated by horseradish peroxidase (Bio-Rad) were used as secondary antibodies.
Tissue Microarray Analysis (TMA). Archival formalin-fixed paraffinembedded tissue samples were provided through the Department of Pathology at the UCLA Medical Center under Institutional Review Board approval. Primary radical prostatectomy cases from 1984 to 1995 were randomly selected from the pathology database to represent a wide spectrum of tumor grades and primary disease stages. Three TMAs were constructed by the method of Kononen et al. (38) , encompassing a total of 246 individual patients. Patients treated preoperatively with neoadjuvant hormones were then excluded from the analysis (n ϭ 20). An additional 11 cases were uninformative due to missing spots or lack of target tissues. Overall, 215 prostatectomy cases encompassing 1,109 informative tissue spots on three TMAs were used for analysis. Included were 214 radical prostatectomies and one cystoprostatectomy. The median age at diagnosis of this cohort was 65 years. Semiquantitative assessment of antibody staining on the TMAs was performed by one pathologist (D.B.S.). Target tissue for scoring included only the glandular elements of the prostate tissue. The maximal intensity of diaminobenzidine brown chromogen staining was graded on a 0-2 scale (0 ϭ negative, 1 ϭ weak, and 2 ϭ strong staining).
Immunohistochemistry (IHC)
. Serial 4-m-thick sections were deparaffinized in three changes of xylene and rehydrated through a 100-70% descending series of ethanol, immersed in citrate buffer (pH 6.0) in a 95°C water bath for 25 min, and then placed in 3% H 2 O 2 in methanol for 10-20 min at room temperature to block endogenous peroxidase activity. After the blocking of nonspecific protein binding by incubation for 30 min to 1 h with 5% goat serum, the whole-tissue sections were incubated with each primary antibody against either monoclonal mouse anti-human CD68 (DAKO), polyclonal rabbit anti-human CSF-1R (Santa Cruz Biotechnology, lot K130, 1:200 dilution), or polyclonal rabbit anti-human phosphorylated tyrosine 723 peptide (PY723) of CSF-1R (1:50 dilution) overnight at 4°C (39) . Subsequently, sections were processed for IHC by using the EnVision ϩ System (DAKO), StreptABComplex͞ HRP kit (DAKO), or Vector ABC Elite (Vector Laboratories), as described (34) . For PY723 of CSF-1R staining, we used the EnVision ϩ (DAKO) and tyramide signal amplification (NEN) systems, according to the manufacturers' guidelines. For double staining of CD68 and CSF-1R, we used the EnVision Doublestain system (DAKO), according to the protocol recommended by the manufacturer. Specificity of staining was confirmed by replacing the primary antibody with mouse IgG for CD68 or rabbit IgG for other antibodies at the same concentration and by blocking of positive staining using excess purified peptides.
Results

CSF-1R Expression in Mouse Prostate
Development and Cancer. Limited data are available on the expression of CSF-1R in rodent prostate. One group has reported that a rat prostate cell line is positive for CSF-1R by microarray analysis, and the level of expression was found to increase with added androgen (40) . RT-PCR analysis for CSF-1R on a panel of mouse prostate-derived cell lines showed a low frequency of positive lines (Fig. 7 , which is published as supporting information on the PNAS web site, www. pnas.org). The midgestational budding of epithelium from the urogenital sinus first defines the mouse embryonic prostate. IHC for CSF-1R with a commercial rabbit anti-CSF-1R peptide antiserum (Santa Cruz Biotechnology) strongly and uniformly stains these structures (Fig. 1) . Because the gland actively proliferates after birth, the level of CSF-1R remains high at 3 and 10 days (Fig.  1 ). Postpuberty at 8 weeks of age, limited cell division is occurring, and the expression of CSF-1R is reduced to background levels ( Fig. 1) . The staining on day 10 from a wild-type mouse is blocked with competing peptide. Sections of prostate from a day 10 Csf1r Ϫ ͞Csf1r Ϫ animal show a much lower level of staining. We also examined liver sections from 8-week-old wild-type and CSF-1R Ϫ͞Ϫ mice by IHC. Positive strong staining was detected in Kupper cells of wild-type mice but not in CSF-1RϪ͞Ϫ mice (Fig.  1) . Strong staining for CSF-1R was seen in day 10 sections of prostate harvested from Csf1r op ͞Csf1r op mice (Fig. 8 , which is published as supporting information on the PNAS web site).
TRAMP is a transgenic mouse model in which the promoter of the probasin gene controls simian virus 40 T antigen expression. These mice develop prostatic intraepithelial neoplasia by 12-18 and cancer by 19-25 weeks of age (33) . Immunohistochemical analysis of tissue sections from TRAMP tumors harvested between 23 and 30 weeks of age showed moderate to high expression of CSF-1R in 20-25% of the cancerous glands ( Fig.  2A) . The staining is largely intracellular, in concert with previous analyses of the membrane versus internal pools of CSF-1R (41). Background staining was detected in normal prostate glands from age-matched control mice. After preincubation with the immunizing peptide, staining for CSF-1R is negative (Fig. 2 A) .
To verify the specificity of CSF-1R staining in prostate cancer epithelial cells in TRAMP tumors, single-cell suspensions were prepared, and CD11b-positive tissue macrophages were depleted by adherence to antibody-conjugated magnetic beads (Dynabeads; see Materials and Methods). The per-cell level of CSF-1R was, as expected, much higher in the CD11b-positive macrophage cell fraction by immunoblotting, as normalized to the c-abl protein levels (Fig. 2B) or PCR analysis normalized to ␤-actin levels (Fig. 2C) . Interestingly, the CD11b-negative cell fraction is enriched for expression of the slower migrating mature glycosylated form (165 kDa) of CSF-1R compared with the macrophage-enriched CD11b-positive fraction, which has roughly equal levels of the 165-kDa form and the immature mannose-rich 140-kDa form of the receptor (42) . A macrophage cell line, NFS60, predominately shows the mature form.
CSF-1R expression was analyzed in prostate tumors from PTENϩ͞Ϫ mice from 12 to 18 months of age. Moderate diffuse expression of CSF-1R was detected in the prostate tumors of these mice compared with age-matched controls (Fig. 9 , which is published as supporting information on the PNAS web site). (43) . Gene expression databases using microarray data (Unigene, www.ncbi.nlm.nih.gov͞UniGene͞ Hs.Home.html), EST analyses (GeneCards, Weizmann Institute of Science, http:͞͞bioinformatics.weizmann.ac.il͞cards͞), or serial analysis of gene expression (National Center for Biotechnology Information, www.ncbi.nlm.nih.gov͞SAGE͞) show moderate to high levels of expression of CSF-1R sequences in human prostate cancer-derived samples. It is difficult to evaluate the contribution of expression from the prostate epithelial component of the tumor versus the stromal component, which can include tissue macrophage-derived cells by such techniques. We evaluated prostate cancer-derived clonal cell lines and commercially available prostate-derived basaloid epithelial cell populations (PrEC). We could detect low levels of CSF-1R mRNA expression in LNCaP, DU145, and PrEC cells by RT-PCR analysis but not in the PC3 or LAPC4 cell lines (Fig. 3A) . BT-20 cells are derived from a human breast cancer and are used as a positive control of CSF-1R expression (30) . All three of the prostate cell preparations positive for CSF-1R expression were also positive for the CSF-1 ligand RNA, raising the possibility of an autocrine or paracrine type of stimulation in some situations. Western blot analysis of extracts from this panel of cell lines (Fig. 3B) demonstrates the CSF-1R mature-sized protein (165 kDa) in BT-20, DU145, and PrEC cells, with lower levels in LNCaP and borderline to undetectable levels in the PC3 and LAPC4.
Expression of CSF-1R in Human Prostate
Human prostate cancer tissue specimens were examined by IHC for CSF-1R expression with rabbit anti-CSF-1R peptide antiserum (Santa Cruz Biotechnology). Reactivity, shown as red in cancerous glands, was much higher than in noncancerous glands in the same field (Fig. 4A) . Control rabbit IgG (Fig. 4B) did not stain serial sections, and preincubation with the immunizing peptide blocked reactivity of the antiserum (Fig. 10 , which is published as supporting information on the PNAS web site). CSF-1R staining was heterogeneous and predominately cytoplasmic, with some membranous staining in prostate cancer (Fig.  4A ) and prostatic intraepithelial neoplasia (PIN) (Fig. 4C) , which is consistent with prior reports of breast cancer staining (44) . The presence of CSF-1R was also detected in macrophages near prostate cancers and within the lumens of some glands. The level of expression in macrophages was much higher than prostate cancer cells on a per-cell basis (Fig. 10) . We confirmed the identity of macrophages stained with anti-CSF-1R by double staining with CD68 (Fig. 4D) (45) . The CSF-1R antibody stained placental syncytiotrophoblasts and villous macrophages at the same dilution (Figs. 4E and 10 ) and was inhibited with the immunizing peptide (Fig. 4F) . This antibody stained tumors derived from xenographs of PC-3 cells engineered to express CSF-1R (Fig. 11 , which is published as supporting information on the PNAS web site). A series of rat anti-human CSF-1R monoclonal antibodies reactive with the ectodomain of the native receptor (46) were evaluated for IHC but did not recognize the antigen after tissue fixation.
IHC Analysis of CSF-1R Expression in Primary Prostate Cancers Using
Tissue Microarrays. We examined samples from 215 informative cases, which had not received neoadjuvant therapy, by IHC analysis using tissue microarrays. Specimen cores with normal histology (230), benign prostatic hypertrophy (118), PIN (45) , and tumor (716) were evaluated. Sections were scored as unde- tectable, weak, or strong-staining. The majority of all specimens (whether normal or malignant) showed some staining, but a clear and important trend is the higher percentage of cases of PIN and prostate cancer with strong staining (Fig. 5) . Further analysis will be needed to accurately correlate such staining results with clinical and pathological variables. We have noted that the most intense and uniform staining for lesions within the prostate occurred in areas of PIN or carcinoma of histological Gleason grade 3 or 4. Examples of representative tissue microarray IHC results are shown in Fig. 12 , which is published as supporting information on the PNAS web site.
IHC Staining of Activated CSF-1R in Metastatic Sites by Tyrosine
723-Phosphospecific Peptide Antibody. Prostate cancer can spread to distant sites, including lymph nodes, soft tissues, and, most commonly, bone and bone marrow (47) . We used antibodies recognizing CSF-1R and specialized activation-specific reagents raised against the phosphorylated tyrosine 723 peptide (PY723) of CSF-1R (39) . Phosphorylation of this tyrosine is important for the CSF-1R-driven phenotypic traits of anchorage-independent growth and metastasis (42, 48) . Specimens of metastases were obtained that stained positive for prostate-specific antigen, confirming that they were of prostate cancer origin (data not shown). In each of the specimens, carcinoma cell areas showed staining for the CSF-1R and the PY723 modification of CSF-1R, which was blocked by the cognate peptide ( Fig. 6 ; also see Fig. 13 , which is published as supporting information on the PNAS web site). mice with a mammary cancer-susceptible strain of mice did not affect the incidence or growth of primary tumors but delayed their development to invasive metastatic carcinomas associated with lessened infiltration and function of tumor-associated macrophages (50) . CSF-1 signaling provides a critical function for mammary gland development during pregnancy, lactation, and cancer progression (24) .
Discussion
Prostate development depends on steroid sex hormones, including androgen. Androgen may not directly stimulate the proliferation of normal prostate epithelial cells (10, 11) . Paracrine factors, which are produced by the mesenchyme and regulated by steroid hormones, play a critical role. Several growth factors that act as paracrine mediators have been identified, including IGF-I, fibroblast growth factor (FGF)-7, FGF-10, HGF, and transforming growth factor-␤ (11, 51). Our observations suggest that CSF-1 is a candidate for such a paracrine factor.
CSF-1͞1R and Bone Metastasis. The most favored site of metastasis of prostate cancer is bone (47) . The ability of prostate cancer to incite an osteoblastic reaction suggests there are bidirectional pathways between prostate cancer cells and osteoblasts and between osteoclasts and bone stromal cells. Prostate cancer metastases in bone have an extensive bone resorption ability, and antibody on tissue microarrays. Two hundred fifteen prostatectomy cases encompassing 1,109 informative tissue spots on three TMAs were used for analysis grading on a 0 -2 scale (0 ϭ negative, 1 ϭ weak, and 2 ϭ strong staining). Immunostaining conditions were as described in Materials and Methods. NL, normal glands; BPH, benign prostatic hyperplasia; PIN, prostatic intraepithelial neoplasia; PCA, prostate cancer. Tissue spot histology and grading were confirmed on hematoxylin͞eosin slides. Fig. 6 . Immunohistochemical analysis of CSF-1R and activated CSF-1R expression in metastatic prostate cancer. Tissue sections from primary and metastatic prostate cancer (aorta) were stained with polyclonal rabbit anti-CSF-1R (Santa Cruz Biotechnology) antibody using the EnVision ϩ System (DAKO) and polyclonal rabbit anti-PY723 CSF-1R antibody using both the EnVision ϩ system and the tyramide signal amplification system (NEN). Coincidence of CSF-1R with activated CSF-1R in some sections was confirmed by serial sections. The specificity of anti-PY723 CSF-1R antibody was confirmed after preincubation with immunizing PY723 peptide (10 M) blocked reactivity (39) .
osteoclastogenesis may play a role in the establishment of bone metastasis (52) .
CSF-1 is an important regulator of hematopoiesis and bone resorption (19, 20) . Studies performed with Csf1 op ͞Csf1 op mice established that CSF-1 function is essential for proliferation and differentiation of osteoclasts and is locally synthesized by bone marrow stromal fibroblasts and osteoblasts. In addition to effects on cell proliferation, differentiation, and invasion, the membrane-bound CSF-1 may mediate adhesion (53) .
Other Receptor Tyrosine Kinases Expressed in Prostate Cancer. Several protein tyrosine kinases, such as PDGF receptor (PDGF-R), c-met, HER-2͞neu, and IGF-1R, are expressed in prostate cancer, including metastatic sites (2) . CSF-1R is more closely related structurally to the receptors for PDGF than to other PTK receptor subfamilies (54) . Immunohistochemical analyses show moderate to strong PDGF-R␣ expression in PIN and primary prostate cancers but weak or absent expression in nonneoplastic prostate epithelium and stroma (13) . The expression of PDGF-R␣ protein by metastatic prostate cancer was also confirmed by IHC in a series of bone marrow metastases (13) . HER-2͞neu overexpression in primary prostate cancer and in metastatic sites of prostate tumors was noted before and after androgen-deprivation therapy (55) . HGF is overexpressed in prostate cancer, and its receptor c-met expression in prostate cancer has been linked to higher histologic-grade and -stage disease (56) . The finding of activated CSF-1R in metastatic tumors supports a role for CSF-1͞CSF-1R signaling in prostate cancer progression.
